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Tuning the Selectivity of Light Hydrocarbons in Natural Gas in a 
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Thais Grancha,
a
 Marta Mon,
a
 Jesús Ferrando-Soria,*
a 
Jorge Gascon,
b
 Beatriz Seoane,
b
 Enrique V. 
Ramos-Fernandez,
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Purification of methane from other light hydrocarbons in natural gas is a topic of intense research due to its fundamental 
importance in the utilization of natural gas fields. Porous materials have emerged as excellent alternative platforms to 
conventional cryogenic methodologies to perform this task in a cost- and energy-efficient manner. Here we report a new 
family of isoreticular chiral MOFs, prepared from oxamidato ligands derived from the natural amino acids L-alanine, L-
valine and L-leucine, where, by increasing the length of the alkyl residue of the amino acid, the charge density of the 
MOF’s channels can be tuned (1 > 2 > 3), decreasing the adsorption preference towards methane over light hydrocarbons 
thus improving this purification process. The validity of our rational design strategy has been proved by a combination of 
single-component adsorption isotherms, adsorption kinetics of CH4, C2H6, C3H8 and n-C4H10, and breakthrough experiments 
of binary CH4/C2H6 and CH4/C3H8 mixtures. 
Introduction 
Light hydrocarbons, C1–C4, are a basic feedstock for the 
chemical industry, generally obtained through steam cracking, but 
also present in natural gas and other less conventional gas fields.1 
The separation of the different light hydrocarbons present in 
natural gas is particular important from industrial and ecological 
viewpoints.2 In fact, the upgrading of natural gas is mandatory in 
order to fully exploit the highly abundant methane gas.3 Currently, 
the purification of methane from the other light hydrocarbons in 
natural gas is performed by cryogenic liquefaction and fractional 
distillation, which represents the most cost- and energy-demanding 
step on the production of these important chemicals.4 Hence, the 
development of new energy-efficient separation methodologies is 
highly desirable. Among the latest advances on implementing 
separation technologies,5 adsorption on porous materials has 
emerged as a strong alternative to overcome the current energy 
penalties associated to the purification process of light 
hydrocarbons.6 
Metal-Organic Frameworks (MOFs)7–12 are a class of porous 
materials that provide countless applications in many fields due to 
the myriad of thrilling physical properties13,14 they can offer, which 
are mainly associated to their porous character and rich host-guest 
chemistry.15 However, in order to have the desired property in a 
MOF, it is mandatory an accurate control of the MOF structure, and 
more precisely, of the size, shape and functionalization of the 
channels of the porous network.16–20 In this context, even if a total 
control of the structure is a challenge because of the many subtle 
factors that may affect the assembling process,21 MOFs with 
predetermined dimensionalities and specific topologies22,23 can 
somehow be designed by a careful choice of metal ions and design 
of the organic ligands. In addition, due to their crystalline nature, X-
ray crystallography allows to shed light and precisely determine 
their crystal structure and accordingly establish structure-property 
relationships, which can be hardly done in other porous systems 
and explains the burgeoning growth of MOFs.24,25 
Among the tuneable physical properties of MOFs, those 
regarding the adsorption-based phenomena, such as gas 
adsorption26,27 and separation28,29 have attracted a lot of attention 
due to the global interest to move towards green economy and 
sustainable industrial development.28,29 The former point can 
include the removal of non-desired species like toxic30,31 and green-
house32–34 gases or the purification of the desired hydrocarbon.35–46 
In particular, the most appealing strategies towards MOF-driven gas 
separation of light hydrocarbons consist either on a conscious 
design effort46 or on the application of a post-synthetic 
methodology47 in order to gain control and tune the size, shape and 
functionality of the MOF’s void channels.16 Through these 
strategies, which rely on kinetic-based and/or thermodynamic-
based mechanisms as well as on particular structural features, such 
as interpenetration or gate-opening effects, interesting light 
hydrocarbons separations have been performed.48 
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We show here the use of a rationally programmed method to 
build a new family of isoreticular MOFs,49 consisting on the use of 
metalloligands with increasing length of their alkyl substituents. 
This method offers the possibility to finely tune the charge density 
of the MOF channels, by the concomitant pore size reduction and 
increase in the number of aliphatic residues, tailoring the kinetic 
adsorption selectivity of methane towards other light hydrocarbons 
present in natural gas.16–20 Thus, as a part of our recent research 
concerning the use of chiral oxamidato ligands derived from natural 
amino acids,23,50–53 we report here the synthesis, crystal structures 
and gas sorption properties of a novel family of water-stable 
isoreticular chiral bioMOFs of general formula 
{CaIICuII6L3(OH)2(H2O)} 
. nH2O [1
51: L = (S,S)-alamox = [bis[(L)-
alanine]oxalyl diamide] (n = 32); 2: L = (S,S)-valmox = [bis[(L)-
valine]oxalyl diamide] (n = 13) and 3: L = (S,S)-leumox = [bis[(L)-
leucine]oxalyl diamide] (n = 11)] (see Scheme 1). These materials 
show very different gas sorption properties depending on the size 
of the aliphatic residue of the amino acid-based ligand (Scheme 1), 
which allows an exquisite control of the hydrophobicity of the 
channels and thus of the kinetic adsorption selectivity of methane 
from other components of natural gas. 
Scheme 1. (a) Chemical structures of the chiral bis(amino acid)oxalamide ligands 
emphasizing the increasing size of the amino acid residue in the series alanine, 
valine, leucine and (b) the corresponding dianionic bis(hydroxo)dicopper(II) 
complexes. 
Results and Discussion 
Preparation and X-ray Crystal Structure 
2 and 3 were prepared as reported earlier for 1.51 Slow diffusion 
of aqueous solutions of the corresponding bis(hydroxo)dicopper(II) 
complex precursor, (NMe4)2{Cu2L(OH)2} · nH2O, and CaCl2 · 4H2O 
(3:1 molar ratio) in a H-shaped tube at room temperature yielded 
blue/green elongated hexagonal prisms in all cases (see ESI†). 
The structures of 2 and 3 could be also determined by X-ray 
diffraction on single crystals. 1–3 are isomorphous and crystallize in 
the chiral P63 space group of the hexagonal system (Table S1). Their 
structures can be described as chiral 3D calcium(II)-copper(II) 
networks with a uni-nodal six-connected acs net,54,55 with point 
symbol of (49.66). Within the networks, the dicopper units, 
[CuII2L(OH)2], connect the Ca
II ions through their carboxylate groups. 
Three aqua/hydroxo molecules (with 1:2 statistical distribution) 
coordinated in a µ3 fashion, are also involved (Figs. 1 and S1-S2). As 
a result, the CaII ions are nona-coordinated in a distorted 
monocapped square antiprism geometry. 
The 3D CaIICuII6 networks in 1-3, exhibit a honeycomb-like 
hexagonal architecture, giving rise to relatively large hexagonal 
channels along the c axis (Fig. 2). The CaII ions occupy the vertices of 
each hexagonal channel, the adjacent Ca···Ca distance, constituting 
the edge of each ring, being of 12.187(1), 12.122(4) and 12.076(4) Å 
for 1-3, respectively. In turn, the square pyramidal or square CuII 
ions situate along the edges of the channels (Figs. 2 and S1). 
Fig. 1. a) Common dicopper(II) building blocks in 1-3. Views of 1-3 in the ab (b) and bc 
(c) planes, respectively. Copper and calcium atoms are represented by cyan and blue 
spheres, respectively, whereas the ligands are depicted as sticks (carbon: grey, oxygen: 
red and nitrogen: blue). The purple spheres represent the amino acid residues (see 
Scheme 1). 
The most striking structural feature of this series of isoreticular 
compounds arises from the orientation of the amino acid residues 
pointing inwards the hexagonal channels and interstitial voids (Figs. 
2, bottom and S1, S3-S8). Methyl groups in 1 and isopropyl chains in 
2 both show a medium to regular distended conformation. In 
contrast, only one of the two isobutyl residues exhibits a distended 
conformation inwards the pores in 3 (Fig. S2). Leucine residues 
being more hydrophobic and longer and so more hindered than 
others, most likely prefer to be buried in large space to reach the 
more stable folding, forcing one of the flexible isobutyl chains to 
adopt a highly bent conformation with their methyl groups pointing 
outward the pores (Fig. S2c). For a structure-properties relationship 
might be of interest to underline that the great framework 
flexibility, verified in particular in the longer amino acid side chains 
isopropyl (2) and isobutyl (3), undoubtedly will influence the 
diffusion of gases in the pores. Thus, it must be one of the synergic 
factors to take into account when aiming at achieving a fine control 
on the selectivity and separation of, for example, methane in 
natural gas. In particular, the X-ray structure reveals a high thermal 
motion of the carbon atoms belonging to the leucine amino acid 
residues in 3. This is enough to suppose a further optimization of 
the more stable side-chains conformation, thus enhancing efficient 
host-guest interactions or allowing also opportunistic hopping of 
these gases along the pores. 
Because of the different size of the hydrophobic methyl (1), 
isopropyl (2) and isobutyl (3) groups, the resulting channels possess 
varying virtual diameters of ca. 1.0 (1), 0.75 (2) and 0.5 (3) nm (Figs. 
S3-S8). Hence, in a static view, the pore-limiting diameters from the 
crystal structures are large enough to permit, in principle, the 
diffusion of different light hydrocarbons (vide infra) such as 
methane (CH4), ethane (C2H6), ethylene (C2H4), propane (C3H8), 
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propylene (C3H6) and butane (n-C4H10) which have related 
estimated kinetic diameters increasing from 3.8 Å for CH4 up to 4.7 
Å for n-C4H10.
28 The increasing degree of hydrophobicity together 
with the decreasing size of the pores account for the contents of 
free water molecules [32 (1), 13 (2) and 11 (3)]. This increasing 
charge density at the channels from 1 to 3 also suggest different 
functionality of the channels and is reflected in the gas adsorption 
of light hydrocarbons (see below). Finally, the estimated empty 
volumes for 1-3 without the crystallization water molecules is 
2089.1 (1), 1532.6 (2) and 1312.0 (3) Å3, values which represent ca. 
58.0, 43.4 and 37.5 %, respectively, of potential void per unit cell 
volume [V = 3604.1 (1), 3529.7 (2) and 3501.0 (3) Å3] (Figs. S3-S8). 
 
Fig. 2. (a) Perspective views along the crystallographic c axis of the porous structures of 1 (a), 2 (b) and 3 (c), determined by single-crystal X-ray diffraction, emphasizing the 
different alkyl groups in the boxed structures. Copper and calcium atoms are represented by cyan and blue spheres, respectively. The alkyl residues of the amino acids are shown 
as balls and sticks whereas the remaining carbon, nitrogen and oxygen atoms from the ligand are shown as sticks. Free water solvent molecules are omitted for clarity. 
Thermogravimetric Analysis and X-Ray Powder Diffraction 
Fig. 3. Calculated (bottom) and experimental (top) XRPD pattern profiles of 
polycrystalline samples of 1 (a), 2 (b) and 3 (c) measured in the 2θ range 2.0–
40.0° at r.t. 
The thermogravimetric analyses (TGA) under dry N2 
atmosphere indicated the water contents of 1-3 (Fig. S9). The mass 
loss values of ca. 31.5 (1), 15 (2), and 12% (3) at 150 °C are 
consistent with 32, 13, and 11 H2O molecules per formula unit, 
respectively. Even if the larger pores in 1 undoubtedly influence the 
very large number of water molecules that its channels can 
accommodate, these results already suggest the very different 
hydrophobicity of the members of the family. Therefore, the 
number of crystallization water molecules filling the pores of 2 and 
3 is drastically reduced compared to 1 as a consequence of their 
much larger alkyl chains and the resulting more hydrophobic 
environment. 
The powder X-ray diffraction (PXRD) patterns of polycrystalline 
samples of 1-3 at room temperature (Fig. 3) confirm the pureness 
of the bulk samples with a consistent match between the 
experimental and calculated PXRD patterns. 
Gas Sorption Properties 
All samples of 1-3 were activated by immersion in methanol 
and then desolvated at 80 °C under reduced pressure for 24 h 
prior to the sorption measurements. Nitrogen adsorption 
isotherms at 77 K for 1-3 (Fig. 4) show fully reversible type I 
isotherms, characteristic of microporous materials with 
permanent microporosity, with estimated56 
Brunauer−EmmeV−Teller (BET) surface areas [1015 (1), 561 
(2), and 312 m2/g (3)] following the trend 1 > 2 > 3, as 
expected from their decreasing pore size (estimated from the 
crystal structures). The analyses of the N2 isotherm curves 
using the Horvath-Kawazoe model,57 reveal a microporous 
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pore size distribution for 1-3 [1.08 (1), 0.68 (2), and 0.42 nm 
(3)], which are similar to those determined from the crystal 
structure and preclude to assign the slight increase near 
saturation pressure to mesoporosity or N2 condensation in the 
inter-particle space. In turn, it has been attributed to capillary 
condensation.  The same behaviour was observed for the CO2 
adsorption isotherms, with a decrease in the gas uptake at 1 
bar and 273 K [106.0 (1), 44.1 (2), and 22.3 cm3/g (3)] with 
increasing the length of the amino acid residue (Fig. S10). 
Fig. 4. N2 sorption isotherms for the activated compounds 1 (○), 2 () and 3 (◊) at 
77 K. Filled and empty symbols indicate the adsorption and desorption isotherms 
respectively. 
Once demonstrated the permanent microporosity of 1-3 as 
well as their different pore windows depending on the amino 
acid residue filling the cavities, we studied the performance of 
this family in the adsorption of different light hydrocarbons 
such as methane (CH4), ethane (C2H6), ethylene (C2H4), 
propane (C3H8), propylene (C3H6) and butane (n-C4H10). So far, 
several adsorption studies have been carried out, for different 
MOFs, aiming at evaluating the adsorptive properties towards 
different olefins and paraffins.35–46 This is commonly done by 
measuring single-component adsorption isotherms, as well as 
simulating mixed gas adsorption isotherms with the ideal 
adsorbed solution theory58 or transient breakthrough59 and/or, 
less frequently, by performing breakthrough 
experiments.43,45,60–66 In particular, relevant to our study are 
the different reported MOFs performing separation of CH4 
from C2, C3 or C4 hydrocarbons.
43,45,60–66 In these studies, they 
use bulky aromatic groups,45 nitrogen donor moieties43,65 and 
pendant C3 alkoxy groups with various degrees of branching 
and saturation,67 and/or coordinatively unsaturated metal 
sites62 to increase the charge density of the channels, and 
consequently increase the interaction of C2+ hydrocarbons 
with the MOF’s pores. However, 1-3 offer unique possibilities 
towards evaluating the real impact of the length of the alkyl 
side-chains occupying the channels in the adsorption of 
different light hydrocarbons. Indeed, this is the first 
experimental study in which a family of isoreticular MOFs 
exhibiting different alkyl-functionalized pores is used to 
rationalize these adsorptive properties. Thus, the systematic 
variation of the length of the aliphatic residue will allow us to 
evaluate at the same time the influence of different 
parameters such as the pore window, hydrophobicity, kinetics 
and alkyl interactions in the adsorption, and consequently the 
selectivity towards light hydrocarbons in 1-3. 
Fig. 5. CH4 (red), C2H6 (blue), C3H8 (green) and C4H10 (purple) adsorption isotherms for 1 (a), 2 (b), and 3 (c) at 273 K. Filled and empty symbols indicate the adsorption and 
desorption isotherms respectively. 
 
Therefore, adsorption isotherms of light paraffins, CH4, 
C2H6, C3H8 and n-C4H10, were firstly measured for 1-3 up to 1 
bar at 273 K (Fig. 5). The adsorption capacities at 1 bar follow 
the same trend for 1-3. An increase with the carbon chain 
length was observed, following the sequence CH4 << C2H6 < 
C3H8 < n-C4H10, as result of the enhancement of interactions 
with the side chain of the MOF. The only exception is for n-
C4H10 in compound 1, which adsorbs a slightly higher C3H8 
amount at 1 bar. This could be related to a less efficient 
packing of n-C4H10 respect C3H8 molecules together with the 
lack of stabilizing interactions between the alkyl chains of the 
gas and those of the walls of 1 (which do operate in 2 and 3), 
which starts to have a non-negligible effect at the adsorption 
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process. In addition, the slope in the C2H6, C3H8 and n-C4H10 
adsorption isotherms, especially the two latter, becomes much 
steeper (Fig. 5), which is a clear marker of a stronger affinity 
between larger hydrocarbons and the pore surface in 1-3. 
Interestingly, C2H6/CH4 and C3H8/CH4 adsorption ratios, that is 
ideal selectivities, at 1 bar (Fig. 5) also follow the sequence 1 
(3.69 and 4.29) < 2 (4.45 and 5.57) < 3 (4.51 and 5.64), 
suggesting that the larger is the alkyl group decorating the 
MOF (1 < 2 < 3), the larger is the separation equilibrium 
between methane and the other hydrocarbon in the binary 
mixture.  
The adsorption capabilities of 1-3 for olefins, C2H4 and 
C3H6, were also evaluated and are gathered, together with 
paraffins, in Fig. S11. The C2H4 adsorption isotherms for all 
three compounds are identical to the C2H6 ones. In turn, the 
amounts of C3H6 adsorbed by 1-3 are significantly higher than 
those observed in the case of C3H8, which may be due to the 
stronger interaction of the π-bonding orbital of C3H6 with open 
metal sites and its smaller kinetic diameter.39 
Fig. 6. Adsorption kinetic profiles of CH4 (red), C2H6 (blue), C3H8 (green) and C4H10 (purple) for compounds 1 (a), 2 (b) and 3 (c) at 273 K.
In view of the results shown in Fig. 5, and aiming at further 
confirming the effect of the increasing size of the alkyl chains 
in this new family of isoreticular MOFs in the adsorptive 
properties, kinetics adsorption of CH4, C2H6, C3H8 and n-C4H10 
were performed (Fig. 6), which assess how fast hydrocarbons 
are adsorbed. A non-negligible impact on the kinetics 
adsorption was observed for the different adsorbates as we 
move from 1 to 3. The adsorbed amount of n-C4H10 with 
respect to C3H8 changes from being almost equal for 1, to be 
significantly higher in 2, as consequence of the higher number 
of aliphatic carbons able to interact with n-C4H10. However, 
these amounts tend to be similar in the case of 3, probably due 
to the smaller window size of the MOF. Noteworthy, the 
adsorbed amount of C2H6 with respect to CH4 shows a 
considerable increase as we move in the series 1-3. Thus, the 
larger the alkyl side chain in the surface of the pores (1 < 2 < 
3), the lower the amount of CH4 adsorbed by the MOF. This is 
especially relevant for 3, where CH4 hardly adsorbs. These 
results (Fig. 6) further confirm the trend observed in the 
adsorption isotherms (Fig. 5) and even suggest higher mixture 
selectivities for methane respect other light hydrocarbons 
present in natural gas. Finally, the adsorption isotherm 
measurements collected in Fig. S11 also showed a certain 
selectivity for C3H6 vs. C3H8. Therefore, the kinetic adsorption 
of C3H6 was also evaluated and compared with that of C3H8. 
However, even if Fig. S12 shows a higher adsorption of C3H6 
(especially for compound 2), this small selectivity is not 
reflected on the time required to adsorb both gases in the 
kinetic experiments and does not allow to predict a successful 
separation and thus, breakthrough experiments were not 
carried out for these gases. The different experimental 
conditions used in the adsorption isotherms (long waiting 
times until reach equilibrium) and the kinetics adsorption 
experiments (these experiment only measure the very 
beginning of the adsorption event) are at the origin of the 
apparent divergences observed on the adsorbed amounts 
between both experiments. 
Fig. 7. Experimental column breakthrough curves for (a) CH4/C2H6 (75:25, v/v) and (b) 
CH4/C3H6 (75:25, v/v) gas mixtures measured at 298 K and 1 bar in a column using 1 
(top) and 3 (bottom) as stationary phases. The total gas flow is 2 cm3 min-1 in each case. 
H2 was used as reference gas. 
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Overall, these results indicate that even if the pore window 
is key to explain the trend 1 > 2 > 3 in the adsorption capacities 
of this family, side-chain interactions between alkyl groups 
from both, gases and MOF walls, lie at the origin of their 
different selectivities. The very different uptake results for 1-3 
clearly evidence that playing with the ‘pore-limiting diameter’ 
concept, through the increase the length of aliphatic side 
chains residing in the pores, does not only modify the sorption 
capacity of a given material but, more importantly, it may also 
affect kinetics of adsorption, which is of paramount relevance 
in order to perform separations in standard-flow conditions at 
industry. 
In light of the results above, to investigate the practical 
separation performance of this family as well as to confirm the 
validity of our approach to tune the MOF selectivities, 
breakthrough experiments were carried out at 298 K and 1 bar 
for binary mixtures of CH4/C2H6 (75/25) and CH4/C3H8 (75/25) 
using packed columns (ca. 1 g) of 1 and 3 (Fig. 7) as stationary 
phases and a total gas flow of 2 cm3/min. H2, is used as 
internal reference gas because it does not adsorb under these 
conditions. In this way we can track the flow dispersion 
through the column.68 CH4 for sample 3 breaks at the same 
time as H2, following the same profile (Fig. 7, bottom) and 
indicating non-uptake of CH4 on this material. In contrast, C2H6 
and C3H8 break much later, suggesting an almost infinite 
selectivity for the C2H6/CH4 and C3H8/CH4 separation. In case of 
1, CH4 breaks later than H2 (Fig. 7, top), suggesting a 
quantitative CH4 adsorption and pointing towards a reduction 
of the selectivity for separating C2H6/CH4 and C3H8/CH4 
mixtures. The lower slope of the breakthrough profile of 3 
respect 1 can be attributed to the different flow regime 
through the bed. In the case of compound 1, it is closer to a 
plug flow than in the case of compound 3. In order to measure 
the non-ideality of the flows, we use H2 as internal reference 
since H2 is not adsorbed at this conditions and the profile of 
the H2 flow is due to the dispersion of the bed. As it can be 
seen in Fig. 7, the fluid-dynamics are different in both beds but 
the retention times are reliable as H2 is used as internal 
reference. Overall, as expected from the kinetic 
measurements, better separations of CH4 from C3H8 and, 
especially, from C2H6 were observed for compound 3. Yet, the 
differences in the C3H8–CH4 and C2H6–CH4 retention times 
were increased by ca. 5 and 30 min, respectively. 
Conclusions 
In summary, we have reported a unique family of robust, 
cheap and easy to prepare in large-scale isoreticular MOFs. 
These porous materials, showing overall good results in gas 
adsorption and separation, were prepared rationally from 
oxamidato ligands derived from the natural amino acids L-
alanine, L-valine and L-leucine. Moreover, they offer the 
perfect playground to study how tuning of the length of the 
alkyl residues present in the channels of the MOFs modifies 
the gas adsorption capacities and selectivities towards 
different sized hydrocarbons. Overall, we observed that the 
higher was the length of the alkyl residue decorating the MOF 
walls, the lesser was the affinity towards methane. As a 
consequence, we were able to control the kinetic adsorption 
selectivity of methane versus other light hydrocarbons present 
in natural gas, offering new rational ways for its purification. 
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